The paper reports an experimental study of die-casting dies with conformal cooling fabricated by direct-metal additive techniques. The main objective is to compare the benefits and limitations of the application to what has been widely discussed in literature in the context of plastics injection molding.
where applications of additive techniques are less studied. It could be argued that an improved cooling system is likely to be less profitable for die casting, as the cooling phase takes a lower fraction of cycle time and material properties are less prone to shrinkage defects. Yet it is interesting to evaluate such differences and investigate on possible additional benefits not seen in injection molding.
For this purpose, an experimental study has been conducted at Bruschi SpA (Abbiategrasso, Italy), a supplier of die castings for several manufacturing sectors. A die for a zinc alloy casting was modified for the use of an additive technique (selective laser melting) and provided with conformal cooling channels. The die was tested on a die-casting machine, where process parameters were tuned for the new cooling system and improvements were evaluated in terms of productivity and cost.
Castings were inspected in order to evaluate possible improvements in surface finish and shrinkage porosity.
The remainder of the paper is organized as follows. Section 2 recalls some literature results about conformal channels for injection molding and cooling issues for die casting. Section 3 describes the reference case and its relevance to the objective of the work. The design and fabrication of the die with conformal cooling channels are described in sections 4 and 5. Results of process tests and inspections of castings are reported in section 6 and discussed from an application viewpoint in the conclusions of section 7.
BACKGROUND
Studies on conformal cooling channels in injection molds have been recently reviewed in [2] . They usually refer to the manufacture of parts having deep recesses with nonstandard shapes, for which conventional straight-line channels cannot be placed close to mold cavity and commercially available baffles or bubblers cannot be used. Conformal channels are designed with intricate layouts to match the geometry of mold cavities, and with noncircular and variable sections in order to finely adjust cooling conditions. In most cases, mold blocks with conformal channels are fabricated in production tool materials (hot-work or stainless steels) by means of direct-metal additive techniques. As detailed below, specific design criteria for the cooling system have been developed from experimental tests on different techniques.
In a pioneering work, the 3D printing technique was used on stainless steel powders with a polymer binder and secondary operations including debinding, sintering, infiltration with bronze and CNC/EDM finishing [3] . The main technical issues identified, and later confirmed for other techniques, included the removal of unbinded powder from cooling channels and the protection of channels from infiltration. A suitable sizing of channels helped to solve these problems and to optimize heat transfer with the help of analytic modeling and numerical simulation. Compared to a conventional cooling system, it was shown that conformal channels reduce mold temperature in both 4 38].
Conformal cooling was first applied to metal die casting in [39] . A multiple-impression die was fabricated from steel laminations and tested in the manufacture of aluminum castings. As part geometry did not pose special cooling difficulties, conformal channels were only provided to ease solidification in the shot sleeve and to reduce average die temperature with no special focus on cycle time reduction. An innovative design of conformal channels, suitable to either additive and subtractive techniques, was patented in [40] : heat transfer was improved by increasing coolant flow rate through channel with larger-than-usual cross sections.
Additive techniques were used for die-casting dies with conventional cooling channels. Initial concerns were related to the higher thermal stresses and to possible loss of accuracy and structural integrity; such issues were succesfully verified on direct metal laser sintering [41] , direct metal deposition [42] and spray-metal processes for soft tools [43] .
Apart from the choice of additive techniques, the design of conventional cooling channels for diecasting dies has been treated in several papers. The heat transfer between casting and coolant was modeled and measured in [44] . The effect of boiling in cooling channels was analyzed in [45] to propose new criteria for the optimization of channel layout. The thermal distortion of the die during the die casting cycle was simulated in [46] to optimize some design variables related to cooling channels.
As it will be confirmed in this paper, the design of cooling channels for die casting cannot ignore the use of die lubricant to remove heat from the impression, usually referred to as spray cooling. As pointed out in [47] , thermal shocks during lubricant application can damage both the impression and the casting; to keep them at a minimum, the needed amount of lubricant should be reduced by oversizing the cooling channels. In [48] , the heat transfer from die impression to lubricant was analyzed under different combinations of spray cooling parameters (lubricant pressure and composition, die temperature). Heat transfer during lubricant spraying was measured by several techniques as described in [49] [50] .
In [51] , the use of computational fluid dynamics (CFD) simulation is reported along the development cycle of a die casting process. Although the study did not involve the use of conformal channels and additive techniques, it has some interest here due to the choice of the reference case: the casting is similar to the one chosen in the present paper, although in a different design with less cooling difficulties.
CASE STUDY AND OBJECTIVES
This work will refer to the manufacture of a handle cover in zinc alloy Zamak 5 (ASTM AC 41A, UNS Z35531), whose outside shape and dimensions are shown in Fig. 1 with an average wall thickness of 1.5 mm and internal bosses with complex profile and some blind holes (not shown in figure) . It weighs 0.135 kg and is manufactured in large quantity by a fourimpression die on a 1250-kN hot-chamber die-casting machine. Molten metal is injected under vacuum into the die at 410°C, with an overheating of 22°C with respect to the liquidus temperature of the alloy. Cycle time is 18 s, of which 4.5 s are taken by the cooling phase. Secondary operations after die casting include trimming, tapping of holes, tumble finishing, acid dipping and painting.
The die is made up of two impression blocks built in AISI H13 (DIN 1.2344) hot-work steel by CNC milling and EDM. Each block has a plate size of 180  160 mm and a total height of 95 mm, and includes two impressions with tangential runner gates. Fig. 2 shows the ejector die impression block which includes large stationary cores, small-diameter core pins, vacuum channels and a conventionaltype cooling system. The latter is made of straight-line channels with diameter of 6 mm and spacing of 20-25 mm; as it is usual with drilled channels, their layout is confined to a plane at a relatively long distance to impression surfaces, and is also constrained by the presence of many ejector pins. The channels in the cover die impression block have a similar layout, which is obviously less critical with respect to cooling performance. Different coolants are used for the two die halves: water at 20°C for the ejector die to maximize heat transfer, oil at 80°C for the cover die to reduce thermal shocks and avoid macroscopic surface defects on castings.
As a first consequence of the limited cooling rate allowed by conventional channels, the bosses on the backside of the casting cool more slowly than the outside walls. Also due to the presence of slightly thicker zones between adjacent holes, the bosses are still hot when the casting is removed from the die and can be damaged by the pressure of ejector pins. Cycle time could be increased to avoid defects, but this would affect productivity and operating cost and is usually not done at the expense of a possibly higher scrap rate.
A second issue is the occurrence of local surface defects of the type shown in Fig. 3a . These are called surface waves and have the appearance of short wavy lines spread along part surface. They are acceptable if the casting is to be painted, but exclude alternative high-gloss surface treatments such as electroplating, which are sometimes specified for this type of part.
Surface waves are generally interpreted as welding lines between small areas of casting surface which freeze early during die filling. As noted through visual inspection of a sample of 10 parts, surface waves are located in the zones of casting surface shown in Fig. 3b . This can be explained considering that zones A and B are the farthest from the injection gate and zone C is close to the vacuum channel; the injected metal is thus likely to have a lower temperature and freeze prematurely when reaching these points on the impression.
A wrong choice of process parameters is usually blamed for the occurrence of surface waves.
Conditions that could cause early freezing include a low die temperature, a relatively long filling time 6 and a large amount of lubricant; the latter could also leave residues at the interface to the casting with possible additional consequences on its surface finish. All these effects, however, had been kept at a minimum in this case: die temperature is the maximum allowed by specified productivity levels and filling time is the minimum allowed by the machine. More importantly, the amount of die lubricant cannot be reduced any further because spray cooling must compensate the limited performance of the conventional cooling system.
To gain insights on the causes of surface defects, CFD simulations were done by the Flow 3D software in collaboration with a partner company (XC Engineering, Cantù, Italy). The geometry of an individual die impression with its cooling channels was acquired from STL models generated by a CAD solid modeler and then meshed into cubic cells with size of 0.7-0.8 mm. Either filling and solidification were simulated under actual process conditions except for spray cooling.
In the simulation of filling, the occurrence of spray jets was observed in the wall opposite to the injection gate but also in other zones of the impression, with no further specific effect on the zones affected by surface waves. In the simulation of the solidification phase, it was confirmed that different zones of the casting have much different cooling rate: while the thin walls freeze in nearly 1 s (with no significant delay on the gate side), the thicker bosses take almost 4 s to freeze. Fig. 4 shows the distribution of temperatures in the casting (in K) at nearly half of programmed cooling time. As it is easily noted, the temperature in the difficult-to-cool zones exceeds the temperature of the thin walls by almost 100°C. Average die temperatures were estimated by simulation of a sufficient number of cycles: from a minimum of 140-150°C on the cover die side, they increase to 220-230°C within the main core on the ejector die, to 260-280°C in the thicker bosses and to as much as 310-330°C in the small-diameter core pins. Again, side walls evolve quite similarly and do not show major differences in flow and heat transfer conditions, thus suggesting a prevalence of the above cited effects related to the amount of die lubricant.
Simulation results also confirmed the direct relationship between the limited performance of the cooling channels and the choices related to spray cooling. When the die is opened, the thicker zones in the casting are still at temperatures just below the solidus temperature of the alloy and thus have poor mechanical properties. This can cause breakage or crushing due to the pressure of the ejector pins. In the past, the experience at the company had suggested to avoid this problem by increasing the amount of die lubricant. It can be foreseen that a more effective cooling deriving from conformal channels could increase cooling rates even in the more critical zones of the casting and thus reduce the needed amount of spray cooling, with beneficial effects on surface finish.
DESIGN OF THE COOLING SYSTEM
To verify the above considerations, the ejector die impression block was redesigned with a conformal 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 cooling system, with no changes to the cover die half. To allow full interchangeability, the new tool had to match the holding block and the ejection system of the original die. Based on simulation results, the analysis of cooling issues suggested a preliminary layout of cooling channels, which was later refined along some redesign and simulation steps. Fig. 5a shows the new impression block and Fig. 5b shows the layout of conformal channels for a single impression. They include two parallel lines linked by four by-pass lines. The coolant (water as in the conventional die) flows from the inlet line on the gate side through the by-pass lines to the outlet line on the opposite side; the direction of flow helps balancing the difference of temperature between the two side walls of the casting, which may have an effect on the location of surface waves. By-pass lines are located on four parallel planes, yet they bend into three-dimensional shapes in order to conform to impression surfaces at very close distances (about 2.5 mm).
Cross sections of channels were sized through calculations and simulations along the development steps of the tool. Inlet and outlet lines have uniform circular sections with 7 mm diameter, while bypass lines have elliptical sections with equivalent total area but with variable aspect ratios and orientations for an easier access to narrow recesses. The design of by-pass lines includes large radii to avoid thermal fatigue cracks that could be caused by sharp bends or edges. Simulations confirmed that flow rates are uniform through by-pass lines, flow rates and velocities are adequate to heat transfer requirements and coolant temperature increases uniformly and gradually along all by-pass lines.
The chance to build complex geometries by additive techniques suggested a further corrective action in order to improve cooling conditions. As previously noted and shown in Fig. 6a , the thicker bosses on the backside of the casting could be partially responsible of the uneven cooling rate. These details were cored out as shown in Fig. 6b , without changing any diameter and location of holes and without structural weakening of the bosses.
Further simulations were done after coring out the bosses in order to evaluate the impact of the new geometry of the casting. As an example of results, Fig. 7 compares the distribution of temperature in a section of the die at nearly half of programmed cooling time with conventional channels and conformal channels. Temperatures are nearly equal in the two options (around 150°C) at a distance over 10-15 mm from impression surfaces; however, conformal channels reduce core temperature by over 50°C at the rounded ends of the casting and by over 20°C at the core pins (although they are not cooled from inside). For the conventional cooling system, temperatures are very close to those estimated by the first simulations on original part geometry; this seems to suggest that the redesign of the casting was much less beneficial on cooling performance than the introduction of conformal cooling channels .   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 9 Fig. 10 illustrates the combinations of the two factors tested along the experiment. The original die and process parameters were initially used to allow a comparison to conventional cooling (S0: 4.5 s cooling, three lubricant applications). The first tests on the new impression block proceeded in the direction of cycle time reduction with no change in lubricant quantity (S1, S2, S3: 3, 2 and 1 s cooling). When trying to repeat the sequence on fewer lubricant applications, however, the cooling time could not be reduced below 3 s due to the lower contribution of spray cooling (S4, S5: 3 s cooling, two and one applications). Further tests were done in the search of higher cooling performance with minimum lubricant quantity (S6: 3.5 s cooling, one application). The diagram shows a last setting (S7), which was equal to S6 except for an increased inlet temperature of the coolant (120°C); as the effect of oil temperature turned out to be negligible, such option will not be discussed in the following.
In summary, a full factorial experiment was not feasible due to the process constraints highlighted in Fig. 10 . The time allotted for the experiment on the production line limited the total number of diecasting cycles to nearly 1200, thus allowing no randomizations or replications of individual settings.
This made it impossible to do a statistical analysis of the individual and combined effects of the two factors on surface finish.
For each combination of factors, a sample of 4 parts was randomly selected from the 60-80 castings manufactured in steady-state conditions. The amount of surface waves was observed on each part in the three zones A, B and C of Fig. 3 ; in each zone, the approximate length K of the visible lines on part surface was evaluated. To control disturbance during length measurements, parts were brushed by a hand tool and put in a box under standard lighting conditions (daylight D65 and custom fluorescent TL 84).
The plots in Fig. 11 illustrate the effect of cooling conditions on the surface finish of the castings.
For each setting, they include the amount of surface waves (total length K tot ) and their distribution along the different zones (fraction K C /K tot of total length observed in the side wall opposite the gate).
With conformal cooling, the attempt to increase productivity with the same amount of spray cooling results in a reduction of surface defects to less than 50% at a cooling time of 2 s. When aiming to a reduction of spray cooling, defects decrease to nearly 30% compared to conventional cooling. When increasing cooling time with minimum amount of lubricant, surface waves drop to an average of 10% compared to conventional cooling; such finish is potentially suitable to electroplating and high-gloss painting. The location of defects seems to especially depend on the amount of lubricant, whose reduction improves the surface finish more at the rounded ends than on the planar side wall.
The above plots show 95% confidence intervals for the means of both responses at each setting.
Regarding the amount of surface waves (K tot ), it is clearly noted that all settings based on the conformally cooled die (S1 to S6) achieve significantly lower mean values than the original setting 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 based on the conventionally cooled die (S0). Such result was confirmed through t-test comparisons among settings. The normality of response values was also verified for all settings. When considering the setting as a seven-level factor, the significance of its effect was verified by analysis of variance of a suitably transformed response (ln K tot ), which passed all needed tests on residuals (normality, homogeneity of variance).
In the selection of optimal process parameters, setting S6 is preferable for surface quality and settings S2 and S3 allow the maximum productivity at different levels of surface quality. Depending on the chosen condition, cycle time decreases by 1 to 3.5 s compared to conventional cooling, with a reduction from 5 to 20% on the 18 s of the original process. The related savings on process cost can be estimated from 15 to 40 k€ on each million of castings produced. Even considering the slight increase in tooling cost involved by the SLM-based process chain, it is difficult to evaluate the ultimate reduction of manufacturing cost per part in the lack of tool life data. However, the economic justification of the solution seems to be ensured regardless of specified surface finish.
A further benefit expected from the improvement of cooling performance is the reduction of shrinkage porosity, which is not critical for this product but could be for different ones. Such conjecture was confirmed through inspection of some samples, as it is clear when comparing the sections of two castings manufactured with conventional cooling (Fig. 12a ) and conformal cooling (Fig. 12b) . The inspected zone is a wall on one of the bosses on the backside of the part in proximity of a hole (tapped only in the original process). The decrease of porosity can be visually appreciated; it was estimated on the average from 1.5% to 0.5% in volume. As the inspected zone had not been modified in the redesign of Fig. 6 , this improvement can be entirely attributed to the effect of the conformal cooling system.
CONCLUSIONS
The above results confirm that direct-metal additive manufacturing techniques such as SLM can be successfully used for the fabrication of die-casting dies. As for injection molds for plastics, the process chain fits easily into toolmakers' practice without compromises on die material and additional secondary operations, although with no significant compression of response time. It is also confirmed that conformal cooling channels give significant advantages: differently from injection molding, where they yield a dramatic reduction of cycle time and shrinkage defects, the more interesting opportunity is the chance of tuning the process at different trade-off levels between productivity and surface quality of castings. The increase of cooling rate reduces the need of spray cooling and thus allows to reduce the amount of lubricant sprayed on die surfaces, thus avoiding local premature freezing and consequent surface waves as well as contamination from thick lubricant layers at the interface between impression and casting. The quality of castings is further enhanced by a reduction of shrinkage 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 List of figures 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62 63 64 
